t one time, the structure of DNA was blissfully simple. It was elegant, regular, and universal-quite unlike the structures of proteins, which were complicated, highly varied, and full of peculiarities consistent with their multifarious functions. DNA was a plectonemic double helix of 10 nucleotide pairs per turn (a nice round number) containing planar base pairs stacked neatly perpendicular to the helix axis and, of course, capable of accommodating any conceivable sequence of nucleotides within its regular structure so that it could encapsulate any kind of biologically meaningful sequence information within its consummate regularity (1) . This simple and unifying concept was so compelling, and the imaginative representations printed in textbooks or devised for the media were so visually attractive, that the ''ideal'' B-form helix dominated the thinking of molecular biologists in the early years and has probably done more than any other single icon to attract brilliant students to venture into biology.
But it could not last. Even at the outset it was known that fibers of DNA would give the relatively fuzzy B-form x-ray diffraction pattern at 92% relative humidity, supposed to be the biologically relevant condition, but would switch reversibly to a more crystalline state (the A-form) at 75% relative humidity, characterized by sharper reflections and altered helical parameters like 11 tilted base pairs per turn (2, 3) . It was also known that binding of aminoacridines such as prof lavine to DNA would modify the B-form pattern and destroy its helical regularity, although not the perpendicular stacking of the base pairs, and thus the intercalation hypothesis was born (4) .
About this time, as a Ph.D. student in Cambridge working on ethidium bromide among other things, it seemed to me that ethidium ought to be a better, or at least cleaner, intercalator than proflavine. I enlisted the help of Watson Fuller, then working in Maurice Wilkins' lab at King's College London, to try x-ray diffraction on ethidium-DNA complexes (5) . We thought that ethidium ought to impede the B 7 A transition (which it does, actually), but our first experiments were a spectacular failure. Fibers precipitated from an ethidium-DNA complex underwent the B 3 A transition on lowering the relative humidity from 92 to 75% as if nothing had happened, and vice versa, but the control fibers-DNA alone that had never seen the drug-did not. Watson I mention this tale because it could well be the first time, albeit erroneously, that anyone advanced the idea that drugs might be able to induce or facilitate long-range structural transitions in DNA.
Another current of thinking that can be traced back to early days is the notion that the biological function of DNA, and in particular differential gene expression, might actually require the molecule to adopt different helical states. How else could regulators quickly locate and identify such elements as start͞stop signals in the huge length of DNA present in a cell nucleus? Searching for sequence-dependent structural variations led to the discovery of an impressive variety of odd things that DNA can do under defined conditions, often related to bending, although for some time at least the base pairing and right-handed helical screw sense remained inviolate. Not for long. One of the biggest upsets to orthodoxy was the discovery of Z-DNA, the lefthanded double-helical conformation with a dinucleotide repeat reported in 1979-1980 (6, 7) . And the last bastion crumbled just a few years later when it was found that Watson-Crick base pairs could be induced to flip into the long-outlawed Hoogsteen pairing configuration (8) by binding of bisintercalating quinoxaline antibiotics (9, 10) . Add to that the recent excitement generated by G-quadruplex structures adopted by guanine-rich sequences present in the telomeres of mammalian chromosomes (11) , and you could be forgiven for thinking that nothing is sacred nowadays. However, it would be foolish to dismiss even outrageous noncanonical structures as mere aberrations or artifacts; Nature has a remarkable way of using rare phenomena to perform biological roles.
In many of these discoveries, the binding of drugs played a significant part, as I have indicated. Interestingly, the x-ray crystallographic evidence for a left-handed helical form of poly (dG⅐dC) at high salt concentration was foreshadowed by the remarkable finding of Pohl, Jovin, and colleagues (12) that ethidium serves as a powerful cooperative allosteric effector modulating the structure of this artificial DNA by virtue of its huge preference for binding to the righthanded double-helical conformation preferred at low salt concentration as opposed to the ''L-form'' preferred in the presence of high salt. A ''molecular grease'' indeed? No, because the drug drives the left-handed Z-form back to B-form (or, more accurately, an intercalated right-handed form) because its binding to the polynucleotide duplex perturbs the equilibrium between the two forms at high salt in favor of the latter. A ''grease'' would act like an enzyme and merely hasten the attainment of thermodynamic equilibrium.
Against this background, the report of Qu, Chaires, and colleagues (13) in this issue of PNAS is of classic significance. Starting from the observation that the widely used antitumor antibiotic (ϩ)-daunorubicin (daunomycin) appears well tailored to bind intercalatively to right-handed B-form DNA, the authors decided to synthesize its optical antipode (Ϫ)-daunorubicin in the expectation that it might bind selectively to left-handed double-helical DNA. The synthesis of the enantiomer, code-named WP900, was no easy undertaking; it required some 37 steps. Qu et al. first used an ingenious method to determine whether natural daunorubicin and WP900 might bind to double helices of opposite handedness by mixing solutions of the ligands in equal proportions and then seeing which isomer would predominate after dialysis against a sample of poly(dG⅐dC) in either the right-handed (low salt) or left-handed (high salt) form. At low salt, it was WP900 that predominated in the dialysate, whereas at high salt there was more daunorubicin left behind, so to speak-clear qualitative evidence that in simple competition the isomers preferred to bind to different forms of the polynucleotide. Binding measurements conducted by fluorescence titration indicated a 21-fold preference for daunorubicin to bind to the right-handed DNA and a more modest 5-fold preference for WP900 to bind to the left-handed form. But the crucial test, to see whether each ligand would actually drive the polynucleotide to adopt a specific conformational form, is the real strength of this paper and betokens the rigorous understanding and application of thermodynamic principles that are characteristic of the Chaires laboratory. Qu et al. placed poly (dG⅐dC) in moderately high salt such that the polymer existed as a mixture of the two helical forms, poised close to the thermodynamic equilibrium, and looked to see what happened to the CD spectrum on addition of either ligand. The spectra showed clearly that WP900 did selectively drive the nucleic acid to adopt a left-handed helical form, providing unambiguous evidence of structural selectivity opposite to that of (ϩ)-daunorubicin. A best estimate of its preference for left-handed DNA over right-handed DNA under these conditions was again a factor of 5, compared with something like 44 for daunorubicin in the opposite direction, and it is this difference in affinity that drives the allosteric conversion of the polynucleotide to a left-handed form (Fig. 1) . This is not the first time that a stereoselective ligand capable of binding to Z-DNA has been described, but it does seem to be the first unambiguous demonstration of true selectivity for left-handed DNA over righthanded DNA backed up with thermodynamically credible numbers. In absolute terms, the binding constants are not enormous, but they are sufficient to nudge the polymer in one direction or the other in what appears to be a cooperative fashion. Much effort has been devoted in earlier work to seeking a similar goal by using chiral metal chelates, which can certainly bind with differential affinity to helices of opposite handedness (14, 15) , but the evidence for genuine selectivity favoring left-handed DNA has been considered equivocal (16) , and there have been no reports of such compounds triggering conversion of B-DNA to Z-DNA. Of course, it must be remembered that left-handed Z-DNA is by no means the optical antipode of righthanded B-DNA (or indeed any other righthanded double-helical form), so the artificial synthesis of an exact enantiomer of a known B-DNA-binding compound is not guaranteed to produce a left-handed helixselective ligand. In that sense, the authors may have been lucky. One wonders what would have happened had they made an enantiomer of actinomycin D (17) , which appears to be exquisitely tailored to fit within the minor groove of an intercalatively distorted B-DNA helix. Quite possibly nothing at all. And by the same token, it may well be possible in future to design ligands de novo that will specifically recognize the curious dinucleotide repeat motif of Z-DNA and thereby manifest substantial selectivity for a left-handed double helix.
The potential uses of a left-handed helixselective probe in biology are obvious. To be able to use such compounds as tools to investigate the significance and function of left-handed DNA in vivo, and even to modulate biological properties by shifting the balance in favor of left-handed helices, would be of great interest to cell biologists. And what about therapeutic applications and the prospect of a new class of useful drugs? Qu et al. leave us with the tantalizing observation that WP900 is cytotoxic in vitro, albeit less potent than daunorubicin against a standard human carcinoma cell line, but retains cytotoxic properties against a multidrug-resistant variant. They note that its biological activities must presumably include action via mechanisms other than topoisomerase poisoning normally attributed to anthracycline antibiotics (18) . If these findings are confirmed, they could herald a bright future for WP900 and an exciting new approach to cancer therapy based on sound molecular principles (19) .
I thank Jared Lawrence for his help in preparing Fig. 1 and the Cancer Research Campaign for supporting research in my laboratory. (13) have performed computer simulations by using molecular dynamics to build an energetically and stereochemically feasible model of a left-handed duplex containing intercalated WP900. Simulated B-form DNA-WP900 and Z-form DNA-daunorubicin complexes were not stable; they resulted in disruption of the duplexes and loss of intercalation.
